Abstract. A simulation model of WSCC three-machine nine-node system integrated with a wind farm based on double fed induction generator (DFIG) was established using the power system analysis toolbox PSAT, and the outlet bus of DFIG was set as PV node. Some influencing factors on the transient voltage stability of grid-connected wind farm were analyzed, when short circuit fault occurs in the power grid side. The results show that fault clearing time, capacity of wind farm, location of short circuit fault, and reactive power compensation have all influences on the transient voltage stability of the wind farm. According to different locations of short circuit in the power grid, the grid-connected wind farm has different minimum capacity which can guarantee the transient voltage stability. The static var compensator (SVC) installed in the wind farm can improve the transient voltage stability only for the short circuit point which is far from the grid entry point of wind farm in electrical distance.
Introduction
Power system transient voltage stability is the ability that all buses can recover to the allowable operation voltage range in a short time after a large disturbance occurs such as short circuit fault, and have no voltage collapse phenomenon [1, 2] . The fault critical clearing time, t cct , is an important index for measuring the transient voltage stability of power system. When the system suffers from a short circuit fault, and the fault clearing time t s >t cct , the system will lose transient voltage stability; if ts≤t cct , the system will maintain the transient voltage stability. The bigger the t cct is, the better the transient voltage stability will be, and vice versa [3] .
At present, with the rapid increase of the capacity of grid-connected wind farm, the voltage stability problem of wind farm grid-connected system has obtained more attention and research [4, 5] . In Reference [6] , a new control strategy which can improve the transient voltage stability of large-scale wind farm grid-connected system was proposed. Reference [7] proposed a management strategy of reactive power coordination based on the double fed induction generator (DFIG) that can make the wind farm grid-connected system maintain better transient voltage stability. Reference [8] studied the transient voltage stability in a DFIG-based wind farm with superconducting fault current limiter (SFCL) and transient voltage control (TVC).
In this paper, the transient voltage stability simulation analysis is carried out in the WSCC three-machine nine-node system integrated with a DFIG-based wind farm, finding out the fault critical clearing time and further discussion will show the influences of the capacity of wind farm, location of short circuit, and reactive power compensation on the transient voltage stability of the grid-connected wind farm.
Model of WSCC System Integrated with a DFIG-based Wind Farm
As shown in Figure. 1, take the WSCC three-machine nine-node system as an example, assuming that a DFIG-based wind farm is integrated into Bus 8 of the system through 230kV transmission line L7. The parameters of system components are followed: The outlet bus (Bus 10) of DFIG can be set as PV node or PQ node; but if it is set as PQ node, the field step-up transformer has to be centrally configured with certain reactive power compensation device, or else it is impossible to maintain the normal operation of the wind farm system. In this example, Bus 10 is set as PV node, with the output active power accounting for 80% of the rated capacity of wind farm and voltage maintaining at 1 p.u. Simulation model of the system shown in Figure. 1 is established using the power system analysis toolbox PSAT for the analysis of transient voltage stability problem. 
Influence of Fault Clearing Time on Transient Voltage Stability of Wind Farm
It is assumed that there is a three-phase grounding short circuit fault occurring at the midpoint of line L3 in the three-machine nine-node system when time t=1 s (the earthing impedance is 0+j0.001 p.u.), soon the line relay protection action disconnects the circuit breakers on both ends of L3 and cut off the fault line, and the line does not reclose. Under these conditions, taking the wind farm (with 15 DFIGs) capacity of 30 MVA as an example, after repeated time-domain simulation tests, the system can obtain the fault critical clearing time t cct =0.077 s (accurate to 1/1000 seconds). Figure. 2 (a) is the time-domain simulation diagram when the fault clearing time t s =0.077 s, it shows that all buses (including buses in the wind farm) can recover to the normal voltage level after the fault is cleared and the line is cut off, in which the voltage of DFIG outlet bus (Bus 10) is recovered to 1.0022 p.u.
The time-domain simulation diagram of Figure. 2 (b) for t s =0.078 s shows that Bus 1 ~ Bus 9 of the power grid can recover to normal voltage level after the fault line is cut off, which thoroughly illustrates that the grid can maintain transient voltage stability, even though t s >t cct . However, the voltages of Bus 10 ~ Bus 12 in the wind farm and the grid entry point Bus 13 drop to an unacceptable level, in which the voltage of Bus 10 decreased to 0.1641 p.u. And at the moment, the wind farm has to be removed from the system because it is transient voltage instability. In the model of DFIG, the rotor side inverter is modeled as a current source. The rotor current q axis component i qr is used to control the speed of wind turbine while d axis component i dr is used to control the outlet bus voltage. The pitch angle control is used to control the wind turbine speed, too [9] . Figure. 3 shows that i dr drops greatly when t s =0.078 s, and it can no longer maintain the outlet bus voltage of DFIG, resulting in the voltage collapse eventually. 
Influences of Wind Farm Capacity and Fault Location on Transient Voltage Stability
As for the system shown in Figure. 1, different capacity of the grid-connected wind farm and different fault location will have different influences on the transient voltage stability of the wind farm. For the WSCC three-machine nine-node system, the continuation power flow (CPF) module of PSAT software can be used to calculate the bus P-U curves, which show that Bus 5 is the weakest bus in voltage stability whose power is supplied by lines L1 and L3. Therefore, the system transient voltage stability of the two lines is mainly studied when the three-phase short circuit fault occurs at them. Table 1 shows a detailed list of the system fault critical clearing times (fault line doesn't reclose after relay protection acts) when the wind farm has different capacity and the midpoints of L1 and L3 have three-phase grounding short circuit fault. All simulation results are acquired with the same computer.
The wind farm capacity is 0 in Table 1 when the wind farm is not integrated into the power grid, at which the fault critical clearing time is the longest. However, after the wind farm is integrated into the grid, the fault critical clearing time will be greatly shortened and the transient voltage stability of the wind farm will decrease significantly. When the midpoint of L1 has a fault and wind farm capacity is at 36 MVA and below or when the midpoint of L3 has a fault and wind farm capacity is at 12 MVA and below, the DFIG outlet bus voltage will still collapse after the fault line is cut off, even though the fault clearing time t s =0.005 s (5ms might be the shortest action time of relay protection at present). Because t s is impossible to be shortened any more, there will be no fault critical clearing time in the system, which means that as long as there is a fault at the midpoint of L1, the voltage of each bus in the wind farm will collapse inevitably when the wind farm capacity is less than or equal to 36 MVA. Therefore, from the perspective of guaranteeing the wind farm transient voltage stability, when the fault occurs in the power grid side, there's a relative minimum capacity of the wind farm. Only when the wind farm capacity is grater than the minimum capacity, the transient voltage stability of the wind farm can be guaranteed. After simulation verification, the minimum capacity is 38 MVA, 18 MVA, 14 MVA, 14 MVA, 26 MVA and 16 MVA when the midpoints of L1 ~ L6 have three-phase grounding short circuit fault, respectively. For the comprehensive consideration, the wind farm capacity of this example should be at least 38 MVA. 
Influences of SVC on Transient Voltage Stability
In the practical operation of DFIG-based wind farm, it is usually configured with shunt capacitor banks, static var compensator (SVC) or other compensation device in the field step-up station to make reactive power compensation. Now, Bus 11 of the wind farm, shown in Figure. 1, is equipped with SVC (adopt the model I provided by PSAT). The effect of the scheme on transient voltage stability of the wind farm is investigated. Table 2 shows the fault critical clearing time when the wind farm capacity is 40MVA and three-phase grounding short circuit fault occurs respectively at the midpoints of L1 ~ L6. As shown in Table 2 , when the fault occurs at the midpoints of L1, L2 and L4, the fault critical clearing time can be extended. After simulation analysis, for these short circuit points, when the fault clearing time is slightly larger than the critical clearing time, the voltage collapse of Bus 10 ~ Bus 13 in the wind farm is caused by the DFIG outlet bus voltage instability, while Bus 1 ~ Bus 9 can return to normal voltage level, which indicates that SVC is beneficial to improve the transient voltage stability of the wind farm. When the short circuit occurs at the midpoints of L3, L5 and L6, the fault critical clearing time is shortened, on the contrary. After SVC is installed in the wind farm, when the location of short circuit point in the gird side changes, the influence on the fault critical clearing time is different. In fact, for the short circuit point close to the grid entry point of wind farm in electrical distance, the installation of SVC is not beneficial to improve the transient power angle stability of the power grid which can cause the voltage collapse too. 
Conclusion
In the WSCC three-machine nine-node system integrated with a DFIG-based wind farm, if the short circuit fault in grid side can't be cleared in time, the buses in the wind farm will be voltage collapse, causing by the outlet bus voltage instability; while all buses in the power grid still can recover to normal level. For the short circuit fault in the grid side, it is required that the relay protection can remove the fault line within the fault critical clearing time, and the faster the fault clearing time is, the better the transient voltage stability of the wind farm will be. From the perspective of guaranteeing the transient voltage stability of the grid-connected wind farm, the wind farm has a minimum capacity respectively when the location of short circuit point in the gird side changes. Therefore, the minimum capacity of grid-connected wind farm is the maximum one of these minimum values.
The influence of SVC, installed in the wind farm, on transient stability of the system is different when the location of short circuit point in the grid side changes. For the short circuit point which is far from the grid entry point of wind farm in electrical distance, SVC is beneficial to improve the transient voltage stability of the wind farm. For the short circuit point which is close to the grid entry point in electrical distance, in fact, SVC is not beneficial to the transient power angle stability of the power grid after short circuit fault occurs.
